INTRODUCTION 32
faults. The Alps are a rare example where critical geological relationships are 48 preserved, not least because the former rifted continental margin that existed 49 prior to deformation was highly sediment-starved (e.g. Lemoine et al., 1986) . 50
They may therefore inform the interpretation and future investigation of other 51
orogens. 52
The external western Alps provide the case study. The region has seen a 53 number of contrasting interpretations of basement-cover tectonics that have 54 different implications for crustal structure. These are reviewed and a preferred 55 model is then integrated with a variety of existing paleothermal and 56 geochronological data, together with important stratigraphic relationships. This 57 in turn informs a discussion of deformation migration within the western Alps. 58
Many of these relationships are well-known in the existing literature but are 59 generally viewed as resulting from pulsed tectonics that operated in distinct 60 episodes. The aim here is to show that the geological relationships are better 61 understood in terms of a continuum. Protracted deformation that is 62 heterogeneously distributed both in space and time is an expectation of orogenic 63 evolution of former rifted continental margins with their inherent heterogeneity 64 in lithosphere structure. This re-evaluation raises issues of how the evolution of3 orogenic belts can be resolved, especially when syn-tectonic sedimentation is no 66 longer preserved. 67
It is increasingly recognised that simple thrust evolution is strongly 68 controlled by the presence of pre-existing structures (Butler et al., 2006, and 69 references therein). These can act to localise thrusts or influence their 70 trajectories. Most studies assume that these inherited structures simply 71 influence the detail of local thrust trajectories rather than necessarily controlling 72 the overall development of the orogen. However, recent advances in 73 understanding the structure of rifted continental margins emphasise the 74 presence of heterogeneities beyond simple rift faults that could exert more 75 fundamental influences on orogenic structure (e.g. Péron-Pinvidic and 76
Manatschal, 2010, and references therein). These include abrupt changes in 77 crustal thickness and large-scale tracts of serpentinized upper mantle that could 78 influence coupling between crust and mantle in evolving orogens. Two recent 79 studies explore the significance of these heterogeneities. 80 Butler et al. (2013) show from modelling that large-scale rifted margin 81 structure can exert a first-order control on how the continental crust deforms 82 within a convergent system. Previously thinned crust can be subducted, 83 recording this burial through the acquisition of ultra-high-pressure metamorphic 84 mineral assemblages. Return of these deeply buried segments of crust requires 85 their decoupling from the otherwise subducting plate (Fig. 1) . In contrast, the 86 weakly rifted landward components of the rifted margin resist subduction and 87 thicken at the top of the subduction channel, while the subduction of the 88 previously thinned crust can continue. The deformation of the continental crust 89 at the mouth of the subduction channel can continue over a protracted time. 90 Butler (2013) notes that the original coupling between crust and mantle that has 91 been inherited from the rifting phase will limit these behaviours (Fig. 1 ). This 92 coupling is likely to vary, perhaps reflecting differing amounts of water ingress 93 into the upper mantle and its associated serpentinization, during the later stages 94 of rifting (e.g., Péron-Pinvidic and Manatschal, 2010) . 95
In the western Alps, the focus of this study, it is the external zones and 96 their basement massifs that represent the weakly rifted parts of the former 97 continental margin (e.g. Lemoine et al., 1986; Mohn et al., 2010) . While rift 98 this is an arbitrary assumption. Nevertheless, there is certainly significant 247 basement deformation distributed away from these pre-existing faults (Dumont 248 et al., 2008; Bellanger et al., 2015) . This implies that the faults were not 249 significantly weaker -either because of their frictional state or their orientation 250 -than the host crystalline basement (Butler et al., 2006) . Distributed basement 251 weakening is consistent with mineralogical studies of the external Alpine 252 basement. Former feldspars within granitic components in the basement have 253 been altered to sericite suggesting significant hydrothermal alteration either 254 before or during Alpine deformation (Wibberley, 1997; Francois and Lemet, 255 1999) . 256 Despite significant Alpine deformation, some of the Mesozoic rift 257 structures are famously well-preserved, with stratigraphic relationships 258 interpreted as recording syn-rift deposition (Barféty et al., 1979) . The best of 259 these is the Ornon fault (Fig. 5a ). This east-dipping structure serves as the 260 eastern limit to the Taillefer massif (Fig. 3) . Jurassic sediments in the hanging 261 wall to the fault (Fig. 5b) are strongly deformed by upright folds and steeply-262 9 dipping cleavage that is attributed to Alpine contraction buttressed against the 263 Jurassic fault block (e.g. Barféty et al., 1979) . These geometries are similar to the 264 'mushwad' deformations within Cambrian shales deformed against basement 265 faults in the Appalachian thrust belt (e.g. Pashin et al., 2012) . Basement in the 266 hanging wall to the Ornon fault forms the composite Grandes Rousses -Rochail 267 block (Fig. 4d) . This block bounded to its east by the Mizoen fault that in turn has 268 the Emparis basement block in its hangingwall. Further eastwards the effects of 269
Alpine deformation become more pronounced so that the former presence of 270
Jurassic half-graben becomes more conjectural. The Meije block has been carried 271 by its eponymous thrust (Fig. 5c ) to lie structurally above the Emparis block 272 (Plateau d'Emparis on Fig. 4d) . Likewise, the Combeynot block has been 273 juxtaposed to structurally overlie the Meije (Fig. 5c) . 274
The Combeynot basement block is statigraphically overlain by the 275 Nummulitic strata, with the local omission of the entire Mesozoic succession. 276
These turbidites (locally termed the Aiguilles d'Arves Sandstone) are tectonically 277 overlain by more internal Alpine units of the so-called Sub-Brianconnais domain. 278
The contact is generally considered to be one of the fundamental structures of 279 the Western Alps, termed the Frontal Pennine Thrust. Note however that some 280 compilations consider the Combeynot basement and its Tertiary cover to also lie 281 in the hanging wall to the Frontal Pennine Thrust (e.g. Schmid et al., 2004 ) -an 282 interpretation that will be revisited later. 283
Notwithstanding general understanding of the regional Alpine structure 284 of the Ecrins, there has been long-standing disagreement as to the timing and 285 significance of these structures. The key stratigraphic marker for these 286 deliberations has been the unconformity beneath the Nummulitic limestone and 287 its overlying foredeep turbidites. For some researchers (e.g. Beach, 1981) , 288 basement thrusting and the formation of the Ecrins was exclusively "post 289
Nummulitic". Other researchers have emphasised the importance of pre-290 Nummulitic deformation. In recent times this complex history has been 291 interpreted as distinct tectonic phases, one pre-Nummulitic and another post-292 dating the youngest turbidites, which were deposited during the Oligocene (e.g. 293 Dumont et al., 2011) . These relationships are central to the theme of this paper 294 and further discussion is reserved for later. 295 10 296
A SECTION THROUGH THE EXTERNAL FRENCH ALPS 297

298
A composite cross-section is presented here (Fig. 6 ) on the east-west 299 transect across the external French Alps, passing close to the city of Grenoble 300 (Fig. 2) . The western part of this section illustrates the structure of the Vercors 301 segment of the Subalpine chains (after Butler, 1987) . Outcrop across the Vercors 302 is dominated by the gently folded Urgonian platform carbonates. The frontal 303 thrusts are shown with rather small displacements (c.f. Deville and Sassi, 2006 ) 304 as they show en echelon map patterns and lateral tips just a few kms. out of the 305 plane of section (Butler, 1987) . Likewise thrusts within the Vercors show little 306 displacement -the total shortening implied by the cross-section is around 8 km 307 (Butler, 1987) . This figure is significantly lower than equivalent sections further 308 north along the Subalpine chains (Gratier et al., 1989; Butler, 1992 ), yet all these 309 structures appear to root beneath the Basal Belledonne thrust. It is likely that 310 this major thrust retained much of its displacement along strike -as the uplift of 311 the basement rocks (the Belledonne massif) is sustained laterally. Butler (1987) 312 proposed that the Vercors transect contains further shortening than is recorded 313 in the broadly WNW-directed thrusts and that this segment of the Subalpine 314 chains has also been partly backthrust over the leading edge of the Belledonne 315 massif. These interpretations are also followed by Bellahsen et al. (2014) . A total 316 displacement on the Basal Belledonne Thrust, as accommodated within the 317
Vercors fore-thrust -backthrust system, is estimated as 18 km. 318
The structure of the Dauphinois region is illustrated on Fig. 6 using the 319 Romanche valley transect that runs between Bourg d'Oisans and La Grave (Fig.  320 3). Earlier interpretations of this specific section are shown on Fig. 4d (Fig. 7) . 366
The uncertainty on Moho depth on Fig. 7 is likely to be about 1-2km 367 across the section as a whole. As the section is 120 km across, this equates to an 368 uncertainty in estimates of crustal area of 100-200 km 2 . In contrast, graphical 369 measuring errors for crustal area are estimated at about 50 km 2 . For the 370 following construction a pin-line is established in the foreland of Bas Dauphine. 371
The positioning of this pin is arbitrary, therefore percentage shortening values 372
will not be reported for the cross-section as a whole. Rather, shortening is 373 reported in parameterised km. 374
The total area of crust shown on the cross-section ( The following account relies heavily on the recent comprehensive study 408
by Bellanger et al. (2015) , although the interpretations offered here differ from 409 these authors. They present a suite of estimates for peak temperatures, using 410
Raman spectroscopy applied to carbonaceous material sampled from Jurassic 411 and Tertiary strata around the Ecrins. A subset of these data are displayed on 412 experienced by Jurassic rocks range between 319°C and 338°C. It is tempting to 415 relate this thermal pattern to Alpine shortening (Bellanger et al., 2015) . 416
Peak temperature data are also available for the eastern Subalpine 417 domain, from Cretaceous strata adjacent to the Vercors plateau down into lower 418
Jurassic strata in the Drac valley (Fig. 6; Bellanger et al., 2015) . These display a 419 systematic cooling, with the deepest strata recording peak temperatures of 329 420 °C. This peak value is consistent with estimates of deep burial during Mesozoic 421 basin filling (Butler 1987; Bellahsen et al., 2012) together with relatively steep 422 geothermal gradients (40°C /km; Phillippe et al., 1998) derived from high heat 423 production in underlying basement (Deville and Sassi, 2006) . 424
Elevated geotherms and high burial temperatures are also supported by 425 peak temperature data from the Jurassic cover of the Dome de la Mure (Fig. 6 ).
14 on a Jurassic fault block (e.g. de Graciansky et al., 2011) . Adjacent, age-equivalent 428 strata from the former basin areas record peak temperatures of 329°C. These 429 units, from fault block and basin, have been juxtaposed by the backthrust that 430 carried the Vercors system eastwards onto the Belledonne (Fig. 6 ). The thermal 431 structure must largely have been established before this Alpine deformation. 432
Note also that the peak temperatures experienced by Jurassic strata in both the 433 hanging wall and footwall to the Meije Thrust are indistinguishable (both are 434 328°C; Fig. 6 ). This pattern is consistent with peak temperatures for Jurassic 435 strata that achieved similar burial depths before significant displacement on the 436 thrust. (Fig. 8) . The compilation shows significant spread, with a 477 tail of old ages that presumably reflects both the incorporation of old radiogenic 478
Ar from the basement and the incomplete recrystallization of relict mica. 479
However, their study shows a strong cluster of Ar-Ar ages between 20 Ma and 480 40Ma. Bellanger et al. (2014) suggest that the main deformation phase was at 481 30-36 Ma. These data do not identify polyphase deformation -an issue to which 482 we shall return after consideration of stratigraphic relationships from the 483 southern Ecrins. 484
485
INTEGRATING STRATIGRAPHIC RELATIONSHIPS 486 487
The geochronological data pose significant problems for interpreting the 488 deformation history of the Ecrins, when considered alongside stratigraphic 489 relationships. The peak deformation age (30-35 Ma) straddles the late Eocene-490 early Oligocene (Gradstein et al., 2012) . This was the time during which the 491 Nummulitic strata accumulated in the Dauphinois realm. The key location for 492 understanding the relationship between deformation and deposition of these 493 strata lies on the southern flank of the Ecrins, in the Champsaur district (Fig. 9) . 494 A regional unconformity at the base of the Nummulitic strata has long 495 been described from the Champsaur district. The unconformity oversteps 496 synclines that hold Jurassic and Triassic strata (e.g. Ford, 1999; Fig. 10a ). The 497 Nummulitic strata are folded and overthrust by far-travelled thrust sheets (so-498 called Embrunais-Ubaye nappes). These relationships are generally interpreted 499 to imply two distinct phases of Alpine tectonics -one "pre-Nummulitic" and 500
another "post-Nummulitic" (e.g. Dumont et al., 2008 Dumont et al., , 2011 . Furthermore, some 501 interpretations infer that the Ecrins massif was continuously high-standing 502 during Alpine deformation, so that it acted not only as a generally rigid 503 obstruction to thrust sheets emplaced from more internal parts of the Alpine 504 chain, but also a barrier to the northward passage of turbidity currents in the The Western Champsaur basin is distinct from the eastern basin because 550 its constituent sandstones are volcaniclastic. Although early stratigraphic 551 syntheses (e.g. Sinclair 1997) assumed these sediments were derived from a 552 now-eroded arc volcanic source in the Alps, paleocurrent and stratigraphic 553 studies indicate a SW provenance, most probably from Oligocene volcanic 554 terrains on Sardinia. Lami et al. (1987) describe the onlap of the sandstones of 555 the western basin onto the Blue Marls together with slumps inferred to have 556 been derived from paleoslopes adjacent to the Ecrins. As with the eastern basin, 557 the onlap angles for the Western Champsaur are too high to be the product of 558 regional flexure alone -and are strongly oblique to the regional foredeep (e.g. 559 Joseph and Lomas; 2003) . These stratal relationships (Fig. 10b) , together with 560 the systematic decrease in bedding inclination up section, are strong indicators 561 that the southern flank of the Ecrins was deforming during deposition. While this 562 provided a local confining slope to turbidite deposition, the flows continued to 563 pass to the NE, as indicated by paleoflow data (Fig. 9a) together with the 564 geometry of incisional canyons within the system (e.g. Brunt et al., 2007) . Thus, 565 as with the Eastern Champsaur Basin, its western counterpart indicates that the 566 adjacent Ecrins massif offered no significant barrier for the passage of turbidity 567 currents in the ancestral foredeep basin and that it continued to deform during 568 their passage. 569
All three lithostratigraphic components of the Nummulitic system are 570 found on the northern side of the Ecrins -with the turbities here known as the 571 Aiguilles d'Arves sandstone (Fig. 3) . These units are very poorly described in the 572 literature and have seen no published modern sedimentological studies. 573
Reconnaissance work by the author has discovered a very similar bed-set motif 574 to the turbidites of the Eastern Champsaur Basin. Coarse to medium-grained 575 sandstones are quartz rich. Sole marks imply paleoflow from the south and SE. 576 
A CONTINUUM MODEL FOR ALPINE DEFORMATION IN THE ECRINS 603 604
The field relationships in the Champsaur district inspire a model for the 605 tectono-stratigraphic relationships across the Ecrins that may in turn inform 606 discussion of the thermal history (Fig. 11) . The section is based on a single 607 hypothetical inverting half graben. This geometry has been proposed for the 608 tract of Jurassic sediments that lie between Combeynot and La Meije basement 609 blocks in the NE of the Ecrins area (e.g. Coward et al., 1991) . In this case the 610 hanging wall to the normal fault becomes the Combeynot block. The Mesozoic 611 cover to Combeynot is only found along its western and northern margins. On its 612 eastern side Nummulitic strata lie unconformably on basement. In the model 613 presented here, contractional deformation of the basin began in the mid-to-late 614 Eocene without significant denudation, allowing the Jurassic strata to thicken, 615 burying their deeper portions. It is at this stage that the Jurassic strata achieved 616 their peak temperatures (Fig. 11b) . These early parts of the compression are 617 presumably marked either with contractional uplift being outpaced by regional 618 subsidence (e.g. because of flexural loading of the foreland lithosphere) or 619 because there was significant bathymetry across the Mesozoic strata. As 620 deformation continued the evolving, contractional structure was denuded, so 621 that uplift presumably outpaced any regional subsidence (Fig. 11c) . Deformation with different levels of denudation and burial through time 643 is likely to lead to a complex thermal history in the uppermost crust. A more 644 rigorous treatment is currently unwarranted in the absence of heat flow and heat 645 production data for the Ecrins. However, the region probably has values for 646 these parameters that are high relative to most continental crust. The Ecrins 647 basement contains significant volumes of granite and micaceous schists. These 648 units contribute to elevated heat production in analogous basement elsewhere in 649 the Alpine chain (Corsica and Maures-Esterel; e.g., Lucazeau and Vasseur, 1989) . 650 Deville and Sassi (2006) use the relatively high heat flow estimate of 80mW per 651 square metre for their models for hydrocarbon maturation in the Vercors. High 652 heat production in basement and high heat flow into the overlying cover units is 653 likely to lead to elevated near surface temperatures during periods of 654 denudation (Fig. 11c) and, for subsequent burial under thrust sheets (Fig. 11e) , 655 rapid re-heating of the Jurassic strata. That these strata did not achieve their 656 thermal maximum during this subsequent burial suggests that the overlying 657 21 thrust sheet was substantially denuded relatively soon after its emplacement, as 658 deformation continued into the Miocene. at rates of 2-3 cm/yr. Thus both the original subduction of continental crust and 688 a significant part of its exhumation within the subduction channel was coeval 689 with crustal shortening in the Ecrins (Fig. 12) The study presented here confirms and develops the general notion that 698 the former rifted margin structure of Europe influenced the tectonic evolution of 699 the western Alps (Gillcrist et al., 1987; Butler et al., 2006; Bellahsen et al., 2014) . 700
For the former Dauphinois basins, contractional deformation was broadly 701 distributed within the upper crust and unlike some other basin settings, did not 702 localise exclusively onto the pre-existing extensional fault systems (Coward et 703 al., 1991; Butler et al., 2006) . Area balancing the crust beneath the external 704
Western Alps, with the assumptions of whole crustal deformation and plane 705 strain, gives a prediction of the pre-orogenic crustal thickness and therefore an 706 estimate of stretching factors during the earlier development of the rifted 707 margin. These restorations are broadly consistent with illustrations of crustal 708 thickness on qualitative representations of this part of the former rifted 709 continental margin of Europe (e.g. Lemoine et al., 1986; Mohn et al., 2010) . 710
The key conclusion here is that inversion of the Dauphinois basins was 711 protracted, continuing for c. 6-10 Myr. Much of this deformation was distributed 712 with no discernable "sequence". There is no evidence for simple forelandward 713 migration of inversion. Rather deformation appears to have been continuous, 714 only localising onto a few structures (the Combeynot, La Meije and Basal 715
Belledonne thrusts). This deformation occurred in tandem with subduction and 716 exhumation of originally more distal (oceanward) parts of the former 717 continental margin of Europe. This synchronicity of deformation within the 718 former continental margin is consistent with previously hypothetical predictions 719 of how the inherited heterogeneous structure can influence deformation styles 720 and timing (Butler, 2013; Fig. 1) . 721
Descriptions of deformation within mountain belts have generally 722 inferred a simple forelandward migration (e.g. Ford and Lickorish, 2004) . 723 bu oy a n t w e a k ly -th in n e d c r u s t r if t e d m a r g in s u b d u c t in g m a n t le li t h o s p h e r e s u b d u c t in g m a n t le li t h o s p h e r e s u b d u c t in g m a n t le li t h o s p h e r e trailing edge of rifted margin crust coupled to subducting mantle 
